Background The repeatability and interchangeability of imaging devices measuring central corneal thickness (CCT) and anterior chamber depth (ACD) are important in the assessment of patients considering refractive surgery. The purpose of this study was to investigate the agreement of CCT and ACD measurements using three imaging technologies in healthy eyes and in eyes after phakic intraocular lens implantation (pIOL). Methods In this comparative study, CCT and ACD were measured using anterior segment optical coherence tomography (AS-OCT), Orbscan II, and Pentacam in 33 healthy volunteers (66 eyes) and 22 patients (42 eyes) after pIOL implantation. Intraobserver repeatability was evaluated for all three devices in the healthy volunteer group. Results Pairwise comparison of CCT measurements showed significant differences between all devices (P<0.001), except for the AS-OCT and Orbscan II in the healthy volunteer group (P=0.422) and the Orbscan II and Pentacam in the pIOL group (P=0.214). ACD measurements demonstrated significant differences between all pairwise comparisons in both groups (P≤0.001). Intraobserver reliability was high for CCT and ACD measurements in the healthy volunteer group, with coefficients of variation ranging from 0.6% to 1.2% and 0.4% to 0.5% respectively. Conclusions CCT and ACD measurements using AS-OCT, Orbscan II, and Pentacam demonstrated high intraobserver reliability. However, these devices should not be used interchangeably for measurements of CCT and ACD in healthy subject and patients after pIOL implantation.
Introduction
Measurements of central corneal thickness (CCT) are important in the assessment of a variety of corneal diseases, the precision of intraocular pressure readings, and eligibility of patients considering refractive surgery. Doughty and Zaman described that a 10% difference in CCT may result in a 3.4 mmHg change in intraocular pressure (IOP) [1] . Furthermore, changes in corneal thickness can be a warning sign of endothelial cell loss [2] , which can be helpful in evaluating the safety of iris-fixated phakic intraocular lenses (pIOLs).
Currently, a variety of non-contact imaging technologies are available to measure CCT. Applications such as the Visante anterior segment optical coherence tomography (AS-OCT; Carl Zeiss Meditec, Dublin, CA, USA), Orbscan II (Bausch & Lomb, Munich, Germany), and Pentacam (Oculus, Wetzlar, Germany), can all assess CCT without being in contact with the eye. Non-contact devices are becoming more popular, as they eliminate the disadvantages of ultrasound biometry, such as the risk of corneal abrasions and infections due to corneal contact, as well as discomfort experienced by the patient.
In addition to CCT measurements, AS-OCT, Orbscan II and Pentacam also calculate anterior chamber depth (ACD). ACD is particularly important when evaluating patients' eligibility for iris-fixated pIOL implantation. Iris-fixated pIOL implantation is a safe method for correcting higher refractive errors when strict inclusion criteria for surgery are applied [3] . Hence, an accurate measurement of the ACD is of immense value to assure the safety of the adjacent corneal endothelium.
Although previously several of these imaging devices were compared in normal eyes, eyes diagnosed with keratoconus and eyes after corneal refractive surgery, no studies are reported in which these methods were compared in patients after pIOL implantation [4] [5] [6] [7] [8] [9] [10] [11] . In this study, we evaluated CCT measurements in healthy volunteers and patients after pIOL implantation using AS-OCT, Orbscan II, and Pentacam. Additionally, we compared the ACD measurements using these three devices and evaluated their repeatability.
Materials and methods

Patient population and study design
Thirty-three healthy volunteers (66 eyes) were prospectively recruited from our outpatient clinic at the Academic Hospital Maastricht. This group had a mean age of 22.3±1.6 years (range [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , and included 14 men and 19 women.
Furthermore, a group of 22 patients (42 eyes) who had undergone iris-fixated pIOL implantation were evaluated. This group had a mean age of 51.1±9.3 years (range 33-67), and included nine men and 13 women. Before pIOL implantation, the mean spherical equivalent was -11.84±6.13 diopters (D) and mean implanted pIOL power was -11.85±5.91 D.
The study was conducted in accordance with the Declaration of Helsinki, and informed consent was obtained from all included subjects. Patients and volunteers with corneal pathology, previous refractive surgery, or abnormalities in the anterior segment were excluded from this study. All subject were examined using AS-OCT, Orbscan II and Pentacam. In the healthy volunteer group, three consecutive measurements of each device were obtained by the same investigator to evaluate the intraobserver repeatability. The first measurement was used for the comparative analysis. In the pIOL group, all measurements were done once by the same investigator.
Imaging devices
Visante AS-OCT is a non-contact high-resolution device which can be used to measure CCT and ACD. Multiple Ascans form a two-dimensional image of the anterior segment, using low-coherence interferometry. In our study, all images were made in the anterior segment single-scan mode, on the horizontal meridian, in an unaccommodated state, and in the same light conditions (50 lux). All subjects were asked to look at the optical target in the system. When the corneal reflex, a vertical white line along the center of the cornea, was visible, the image was captured. ACD was measured using the chamber function as provided by the manufacturer (from corneal endothelium to crystalline lens). Using this chamber function, the CCT was automatically computed by the system, using built-in analysis software which marks the boundaries of the anterior and posterior surface of the cornea. These automated measurements were used for the comparative analysis. In the healthy volunteer group, CCT was also measured manually in the anterior segment single-scan and the high-resolution scan, using the caliper function as provided by the manufacturer. The high-resolution scan is an enhanced image of the central cornea, which was also made on the horizontal meridian.
The Orbscan topography system (Orbscan II; version 3.10.31) uses a computerized slit-scanning method, which creates 40 vertical slit projections sequentially onto the cornea at an angle of 45º. The anterior and posterior corneal surfaces are obtained, and a corneal pachymetric map is created in a non-contact manner. Because initial comparative studies showed an overestimation of CCT using Orbscan II, an acoustic correction factor has to be used [12] [13] [14] [15] . The manufacturer recommends an acoustic correction factor of 0.92, which was applied in our study. During the measurements, all patients were instructed to fixate on a fixation target in the center of the device. The corneal thickness in the center of the pupil was used for analysis. Besides CCT measurements, Orbscan II calculated the ACD, measured from corneal endothelium to crystalline lens.
The Pentacam is a non-contact device using a rotating Scheimpflug camera. The software constructs a threedimensional image of the anterior segment, which gives information about the anterior and posterior surface of the cornea, and ACD (from corneal endothelium to crystalline lens). In our study, the patient was asked to fixate on a blue light target in the center of the camera. The device automatically determined when the image was in focus and the corneal apex correctly aligned. The rotating camera obtained 25 slit images of the anterior segment. The pachymetric measurement at the pupil center was used for analysis.
Statistical analysis
Previous studies have reported a standard deviation (SD) of within-subject CCT measurements ranging from 4.9 to 6.9 μm for Orbscan, Pentacam and AS-OCT [16, 17] . Therefore, with a significance level of 0.05, our study with 66 healthy eyes and 42 pIOL eyes has a power of >90% for both groups to detect a 15-μm difference between two measurement methods. For within-subject ACD measurements, a SD ranging from 0.001 to 0.052 mm for Orbscan, Pentacam and AS-OCT has been described [11, 18] . Thus, with a significance level of 0.05, our study with 66 healthy eyes and 42 pIOL eyes has a power of >90% for both groups to detect a 0.10 mm difference between two measurement methods. All data were collected in an Excel database and transferred to SPSS (SPSS for Windows, version 15.0, SPSS Inc, Chicago, IL, USA) for data analysis. Continuous variables were described as mean±SD. Paired t-tests were applied to compare CCT and ACD measurements between two applications in the healthy volunteer group and the pIOL group. To determine a relationship between the measurements of two devices, the Pearson's correlation coefficient (r) was used. The agreement between two devices was studied using the method described by Bland and Altman [19] . This method also computed 95% limits of agreement (LoA=mean difference ± 1.96 SD). To determine intraobserver reliability between three consecutive measurements in the healthy volunteer group, the mean standard deviation between three consecutive measurements (SD within ), the coefficient of variation (CV) (ratio of SD within and mean in percentage), and precision (1.96 * SD within ) were calculated. A P-value of <0.05 was considered significant.
Results
Agreement of central corneal thickness measurements
The results of the pairwise comparisons of the healthy volunteer group and the pIOL group are shown in Table 1 and Fig. 1 . In the healthy volunteer group, CCT was measured using AS-OCT, Orbscan II, and Pentacam, with means of 532.1±25.3, 536.1±28.1 and 551.3±26.2 μm respectively. In this group, all pairwise correlations were highly significant. However, all pairwise comparisons showed a significant difference, except for the comparison between automatic measurements in the anterior segment single-scan of the AS-OCT and the Orbscan II measurements (P=0.422). Pentacam overestimated CCT measurements compared to the other two devices (P<0.001).
In the pIOL group, the mean CCT using AS-OCT was 529.8±40.3 μm, and the mean Orbscan II and Pentacam CCT were 541.4±36.7 and 543.8±38.6 μm respectively. All comparisons were highly correlated, and there was no significant difference between the Orbscan II and Pentacam CCT measurements in the pIOL group (P=0.214). AS-OCT measurements significantly underestimated CCT when compared to Orbscan II and Pentacam (P<0.001).
The pairwise comparisons of the CCT measurements using three different AS-OCT measurement modes in the healthy volunteer group are also listed in Table 1 . Automatic CCT measurement using the anterior segment singlescan demonstrated the smallest values, whereas manual CCT measurements using the same scan showed the highest CCT values. All three AS-OCT modes comparisons were significantly different (P<0.001).
Agreement of anterior chamber depth measurements
In the healthy volunteer group, the mean ACD using AS-OCT, Orbscan II, and Pentacam were 3.41±0.25, 3.25± 0.29 and 3.34 ± 0.27 mm respectively. All pairwise comparisons demonstrated a significant difference between ACD measurements (Table 2) . ACD measurements using Orbscan II were always smaller than the measurements of the other two imaging devices (P<0.001). The AS-OCT demonstrated higher ACD measurements than the Pentacam (P<0.001).
In the pIOL group, mean ACD using AS-OCT, Orbscan II and Pentacam were 3.15±0.22, 2.94±0.31 and 3.06± 0.24 mm respectively. All pairwise comparisons showed a significant difference between ACD measurements (Table 2 ). Similar to the healthy volunteer group, Orbscan II underestimated ACD compared to AS-OCT and Pentacam measurements, and AS-OCT overestimated ACD when compared to Pentacam measurements. In Fig. 2 ,BlandAltman plots visualize the ACD differences between the three imaging systems for both groups.
Intraobserver reliability Table 3 presents the intraobserver reliability for measurements of CCT using three AS-OCT modes, Orbscan II, and Pentacam. In all imaging devices the repeatability was high. Manual measurements of CCT using the high-resolution scan showed the smallest SD within and CV, and manual 
Discussion
This study revealed significant differences in ACD measurements using AS-OCT, Orbscan II, and Pentacam, between all pairwise comparisons in the healthy volunteer group and the pIOL group. Furthermore, the pairwise comparisons of CCT measurements using AS-OCT, Orbscan II, and Pentacam showed significant differences in both groups, except for the comparison between AS-OCT and Orbscan II in the healthy volunteer group and between Orbscan II and Pentacam in the pIOL group. However, these last two comparisons did show large 95% limits of agreement. Overall, this indicates the existence of systematic offsets in CCT and ACD values between the investigated imaging technologies in healthy volunteers and patients after pIOL implantation.
The CCT values measured with automatic AS-OCT were significantly smaller than Pentacam measurements in both groups. Furthermore, we found significantly smaller CCT measurements using AS-OCT compared to Orbscan II in the pIOL group. In the healthy volunteer group, this difference did not reach significance. The reported differences are in accordance with recent literature [20] . Significantly smaller CCT measurements using AS-OCT were described by Ho et al., comparing AS-OCT values to Pentacam, and Orbscan II measurements [4] . A possible explanation for these smaller CCT values using AS-OCT was described by Li et al. They reported that the algorithm for the Visante OCT places the anterior corneal surface boundary slightly below the anterior corneal surface [16] . This results in slightly smaller CCT values when using the automatic CCT measurements, which we used for our comparative analysis. During the manual CCT measurements of this study, the calipers were placed on the anterior corneal surface. This resulted in significantly higher manual AS-OCT measurements compared to the automatic CCT measurements.
Orbscan II showed smaller CCT measurements than Pentacam, with a significant difference in the healthy volunteer group. Rosa et al. also reported smaller Orbscan II CCT measurements than Pentacam measurements in normal eyes [21] . Lackner et al. investigated the intensity profiles of the Pentacam and Orbscan II. The Pentacam showed steeper corneal edge depictions than the Orbscan, which resulted in less blurred images using Pentacam [17] . The reliability of the detection of the posterior corneal surface using the Orbscan II is still unknown, and could be the explanation for the reported differences [22] .
To our knowledge, no studies have evaluated all three imaging techniques in healthy eyes and compared them to ultrasound pachymetry, which is known to be the gold standard. There are several studies reported in the literature comparing AS-OCT, Pentacam and Orbscan II separately to ultrasound pachymetry. Studies comparing CCT measurements with ultrasound pachymetry to AS-OCT in healthy eyes showed an underestimation of AS-OCT measurements, with mean differences of 26.6μm reported by Kim et al. [23] and 31.9 μm by Wong et al. [24] . Some comparison studies investigating the agreement between Obscan II and ultrasound pachymetry found no statistical significant difference in CCT measurements when the mentioned acoustic correction factor of 0.92 was applied to the Orbscan II values [5, 20, 25] . However, other studies reported underestimations of CCT measurements using Orbscan II, after the acoustic correction factor was applied [5] . However, there are studies reporting a significant difference between these two devices [8, 27] . Since there are a large amount of studies reporting significant differences between the AS-OCT, Pentacam and Orbscan II when compared to ultrasound pachymetry; even with the application of a correction Fig. 2 Bland-Altman plots of the differences between anterior segment optical coherence tomography (AS-OCT), Orbscan II and Pentacam anterior chamber depth measurements in the healthy volunteer group and the phakic intraocular lens (pIOL) group with P-value of the paired t-test. All scales in mm factor in the Orbscan II, these devices can not be used interchangeably.
Limits of agreement give an idea about how much the devices can differ in 95% of the patients. In this study, the significant mean differences in CCT measurements were between 10 and 19 μm, with spans of the 95% limits of agreement between 38.4 and 50.3 μm. In the comparison between Orbscan II and Pentacam in the pIOL group and between Orbscan II and AS-OCT in the healthy volunteer group, the mean differences were not statistically significant. However, these two comparisons showed the largest 95% limits of agreement, with spans of 52.2 μm between Orbscan II and Pentacam and 55.8 μm between Orbscan II and AS-OCT. In our opinion, the reported CCT differences with their 95% limits of agreement are clinically significant, especially in patients considering refractive surgery. Furthermore, these large limits of agreement come close or even exceed the mentioned 10% difference in CCT measurements by Doughty et al., which may result in IOP differences of 3.4 mmHg or more depending on the used imaging device [1] . Some investigators recommend categorizing corneal thickness as thin, average, or thick and not using a specific algorithm to correct for corneal thickness, since CCT measurements can differ between devices and there are different algorithms reported in the literature [28, 29] .
ACD measurements using AS-OCT were significantly higher than the Pentacam values in both groups. Pentacam ACD measurements are automatically calculated by the device. However, when using AS-OCT the ACD had to be measured manually. The chamber function provides a caliper which has to be placed on the anterior surface of the lens. This caliper has a thickness of approximately 40 μm and was placed with the anterior surface of the caliper on the anterior surface of the lens. Placing the posterior surface of the caliper onto the lens surface might improve the agreement between AS-OCT and Pentacam ACD measurements.
Orbscan II ACD measurements were significantly smaller than AS-OCT and Pentacam measurements. This could be due to the relatively low-depth resolution of slit scanning compared to Pentacam and AS-OCT [22] .
The mean differences in ACD measurements between two devices ranged from 0.07 to 0.21 mm, with a large range in the spans of 95% limits of agreement from 0.16 to 0.31 mm. The mean differences between the three imaging devices seem quite small; however, the 95% limits of agreement are large and clinically relevant, especially in pIOL power calculation and the assessment of pIOL safety. Although the devices were highly correlated, they can not be used interchangeably.
The intraobserver reliability for ACD and CCT was excellent for the AS-OCT, Orbscan II, and Pentacam. The manual CCT measurement using the anterior segment single-scan demonstrated the largest variability. The caliper function in this scan shows large steps for each pixel, i.e. one pixel represents 20 μm, with explains the larger variability. Measurements in the high-resolution scan were more precise. In this scan, one pixel is 10 μm. Li et al. also evaluated the intraobserver reliability of CCT measurements using manual and automatic AS-OCT. They described a SD within of 4.9 and 6.9 for automatic AS-OCT and manual AS-OCT, with a CV of 0.9 and 1.2%, respectively, which are consistent with our results [16] . Furthermore, the AS-OCT showed the best intraobserver reliability for ACD measurements in our study, with the smallest standard deviation and coefficient of variation. In accordance with our results, Pinero et al. reported a CV of 0.38% using AS-OCT for ACD measurements [30] .
In conclusion, the intraobserver reliability of AS-OCT, Pentacam and Orbscan II were excellent for CCT and ACD measurements. However, all investigated devices should not be used interchangeably for measurement of ACD and CCT in healthy subjects and patients after pIOL implantation. Pairwise comparison of the imaging technologies showed significant mean differences, with large 95% limits of agreement.
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